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Hohfwurqlf txdqwxp ghylfhv h{soruh txdqwxp phfkdq0
lfdo surshuwlhv ri hohfwurqv frqqhg wr vpdoo uhjlrqv lq
d vrolg e| phdqv ri prghuq ideulfdwlrq whfkqltxhv1 H{0
lvwlqj ghylfhv lqfoxgh vhplfrqgxfwru uhvrqdqw wxqqholqj
glrghv +4, +edvhg rq txdqwxp phfkdqlfdo frqqhphqw,/
vxshufrqgxfwlqj Mrvhskvrq mxqfwlrq flufxlwv +5, +edvhg
rq pdfurvfrslf skdvh frkhuhqfh,/ phwdoolf vlqjoh hohf0
wurq wudqvlvwruv +6, +edvhg rq txdqwl}dwlrq ri fkdujh,/
dqg prohfxodu hohfwurqlf ghylfhv +7,1 Wkh sulqflsoh ri
rshudwlrq lq flufxlwv ri wkhvh ghylfhv lv edvhg rq frqwuro0
olqj hqhuj| vwdwhv/ iru lqvwdqfh/ e| phdqv ri dq h{whuqdo
+jdwh, yrowdjh1 Rqh vrxufh iru xqzdqwhg wudqvlwlrqv dqg
huuruv lv dozd|v wkh wkhupdo hqhuj| iurp d qrq0}hur whp0
shudwxuh1 Krzhyhu/ hyhq dw }hur whpshudwxuh ydfxxp
xfwxdwlrqv lq wkh hqylurqphqw fdq jlyh ulvh wr wudqvl0
wlrqv ehwzhhq vwdwhv ri qrq0htxdo hqhuj| e| vsrqwdqhrxv
hplvvlrq ri dq hqhuj| txdqwxp1 Vxfk lqhodvwlf wudqvl0
wlrqv fdxvh huuruv lq pdq| sursrvhg vfkhphv iru txdq0
wxp flufxlwv1 Zh kdyh vwxglhg lqhodvwlf wudqvlwlrqv lq d
ixoo|0frqwuroodeoh/ wzr0ohyho txdqwxp v|vwhp uhdol}hg lq d
grxeoh txdqwxp grw ghylfh1 Zh fdq uhodwh wkh wudqvlwlrq
udwhv lqyroylqj hplvvlrq wr devruswlrq udwhv e| wkh Hlq0
vwhlq frhflhqwv ryhu rxu ixoo hqhuj| dqg whpshudwxuh
udqjh1 Dw rxu orzhvw whpshudwxuh zh gluhfwo| phdvxuh
wkh hqhuj|0ghshqghqw udwh iru vsrqwdqhrxv hplvvlrq1 Lq
rxu vshflf vhplfrqgxfwru ghylfh wklv hqhuj| lv hplwwhg
lqwr wkh hqylurqphqw iruphg e| dfrxvwlf skrqrqv1
Rxu grxeoh txdqwxp grw +Ilj1 4D, lv ideulfdwhg
lq wkh wzr0glphqvlrqdo hohfwurq jdv +5GHJ, ri dq Do0
JdDv2JdDv vhplfrqgxfwru khwhurvwuxfwxuh +8,1 Wkh
vrxufh dqg gudlq duh odujh 5GHJ uhjlrqv zklfk vhuyh
dv ohdgv iru frqwdfwlqj fxuuhqw dqg yrowdjh zluhv1 Wkh
wzr grwv/ O dqg U/ duh vhsdudwhg iurp hdfk rwkhu dqg
iurp wkh ohdgv/ e| srwhqwldo eduulhuv lqgxfhg e| qhjd0
wlyh yrowdjhv dssolhg wr wkh wkuhh phwdoolf jdwhv1 Wxq0
qholqj ehwzhhq wkh glhuhqw uhjlrqv lv vxflhqwo| vwurqj
wr ghwhfw fxuuhqw/ exw zhdn hqrxjk vxfk wkdw wkh qxp0
ehu ri hohfwurqv lq hdfk grw lv d zhoo0ghqhg lqwhjhu1
Wkh hqhuj| vwdwhv lq vxfk ixoo| frqqhg uhjlrqv duh glv0
fuhwh/ 3G0vwdwhv> uhvhpeolqj glvfuhwh dwrplf vwdwhv +9/ :,1
Wkh glvfuhwh hqhujlhv lqfoxgh frqwulexwlrqv iurp vlqjoh0
hohfwurq fkdujlqj hqhujlhv/ dulvlqj iurp Frxorpe lqwhudf0
wlrqv/ dqg iurp txdqwxp0phfkdqlfdo frqqhphqw1 Wkh
orzhvw hqhuj| vwdwh iru rqh dgglwlrqdo hohfwurq lq wkh ohiw
grw lv odehohg lq Ilj1 4E0G dv HO dqg vlploduo| HU iru
wkh uljkw grw1 Ilj1 4F looxvwudwhv wkh uhvrqdqfh frqglwlrq/
HO @ HU/ lq zklfk fdvh dq hohfwurq fdq wxqqho hodvwlfdoo|
iurp dq rffxslhg vwdwh lq wkh vrxufh yld HO dqg HU wr dq
hpsw| vwdwh lq wkh gudlq1 Vxfk wxqqholqj vhtxhqfhv ri vlq0
joh hohfwurqv duh uhjxodwhg e| wkh Frxorpe fkdujlqj hq0
hujlhv +6/ :,1 Zkhq wkh wzr vwdwhv duh qrw doljqhg/ HO 9@
HU/ rqo| lqhodvwlf wudqvlwlrqv duh doorzhg iru zklfk vrph
hqhuj| qhhgv wr eh h{fkdqjhg zlwk wkh hqylurqphqw1 D
phdvxuhg r0uhvrqdqfh fxuuhqw/ wkhuhiruh/ gluhfwo| sur0
ylghv lqirupdwlrq derxw wkh frxsolqj ehwzhhq hohfwurqv
rq wkh grwv wr ghjuhhv ri iuhhgrp lq wkh hqylurqphqw1
Wkh lqhodvwlf udwhv fdq eh dqdo|}hg zlwk zhoo0ghyhorshg
phwkrgv lq txdqwxp rswlfv +;/ <,1
Iljxuh 4H vkrzv d w|slfdo fxuuhqw vshfwuxp yhuvxv
%  HO  HU dw rxu orzhvw odwwlfh whpshudwxuh W @
56 pN +43,1 Wkh jdwh yrowdjhv YJU dqg YJO duh vzhsw
vlpxowdqhrxvo| vxfk wkdw wkh uhvshfwlyh hqhujlhv duh olnh
lq Ilj1 4E0G> wkdw lv/ % @ 3 rffxuv lq wkh plggoh eh0
wzhhq wkh Ihupl hqhujlhv ri vrxufh dqg gudlq/ V dqg
G/ dqg m%m @ hYVG lv pd{lpdo fruuhvsrqgv wr kdylqj
wkh vwdwhv HO dqg HU doljqhg wr rqh ri wkh Ihupl hq0
hujlhv1 Wr dqdo|}h wkh odujh dv|pphwu|/ zh ghfrpsrvh
wkh wrwdo fxuuhqw Lwrw+%, @ Lho+%, . Llqho+% A 3, lqwr d
v|pphwulf sduw Lho+%, @ Lho+%, +gdvkhg fxuyh, dqg wkh
uhpdlqlqj dv|pphwulf sduw Llqho+% A 3, +grwwhg0gdvkhg
fxuyh,1 Dw W @ 3/ Lho+%, lv gxh wr hodvwlf wxqqholqj dqg
kdv d Oruhqw}ldq olqhvkdsh Lho+%, @ Lho>pd{z
5@+z5 . %5,
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+44,1 Wkh ixoo zlgwk dw kdoi pd{lpxp +IZKP,/ 5z> fdq
eh wxqhg e| wkh fhqwudo jdwh yrowdjh YJF urxjko| iurp 7
wr 53 hY1 Iurp phdvxuhphqwv ri Lho+%, dw srvlwlyh dqg
qhjdwlyh YVG lw lv srvvleoh wr h{wudfw ydoxhv iru wkh wxqqho
frxsolqjv O/ U dqg Wf +44/ 45,1
Wkh uhpdlqlqj fxuuhqw/ Llqho+% A 3,> zklfk lv qrq0}hur
rqo| iru % A 3/ lv gxh wr lqhodvwlf wxqqholqj1 Lq Ilj1 4H/
Llqho lv qrq0}hur ryhu dq hqhuj| udqjh ri 433 hY> wklv
ghvslwh wkdw wkh wkhupdo hqhuj| nW +56 pN, @ 5 hY lv
pxfk vpdoohu1 +Wkh luuhjxodu qh vwuxfwxuh lv glvfxvvhg
ehorz1, Lq jhqhudo zh qg wkdw Llqho ydqlvkhv zkhq rqh
ri wkh ohyhov/ HO ru HU/ furvvhv rqh ri wkh wzr Ihupl
hqhujlhv1 Lq wkh vshflf fdvh ri Ilj1 4H/ HO dqg HU
furvv wkh Ihupl hqhujlhv vlpxowdqhrxvo|/ lpso|lqj wkdw
Llqho lv fxw r dw % @ hYVG1 Ehorz wklv fxw r/ wkh
ydoxh ri Llqho zdv qrw lqxhqfhg e| wkh ydoxh ri YVG
+46,1 Iru W @ 3/ zh fdq zulwh wkh frqglwlrq iru d qrq0}hur
lqhodvwlf fxuuhqw dv V A HO A HU A G @ V  hYVG1
Wkh dprxqw ri lqhodvwlf fxuuhqw ghshqgv rq wkh wudqvlwlrq
udwhv dv= Llqho+%, @ h+
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wkh lqhodvwlf udwh l+%, iurp HO wr HU lv pxfk vpdoohu
wkdq wkh udwhv wkurxjk wkh rxwhu eduulhuv/ wklv uhgxfhv wr
Llqho+%, @ hl+%,=
Wkh hhfw ri d qrq0}hur whpshudwxuh rq wkh fxuuhqw
lv vkrzq lq Ilj1 5D1 D kljkhu whpshudwxuh W / hqkdqfhv
Lwrw rq erwk wkh hplvvlrq +% A 3, dqg wkh devruswlrq
+% ? 3, vlgh1 Wkh devruswlrq vshfwuxp vkrzv dq h{sr0
qhqwldo whpshudwxuh ghshqghqfh/ h%@nW +gdvkhg olqhv, iru
devroxwh hqhujlhv odujhu wkdq wkh hodvwlf fxuuhqw phdvxuhg
dw 56 pN/ wkdw lv m%m A z=
Wr dqdo|}h wkh whpshudwxuh ghshqghqfh/ zh dvvxph
ervrq vwdwlvwlfv iru wkh ghjuhhv ri iuhhgrp lq wkh hqyl0
urqphqw1 Wkh dyhudjh rffxsdwlrq qxpehu kql ri hqylurq0
phqwdo prghv dw hqhuj| % lv jlyhq e| wkh Ervh0Hlqvwhlq
glvwulexwlrq ixqfwlrq= kql @ 4@+h%@nW  4,1 Wkh udwhv
iru devruswlrq/ Zd/ dqg hplvvlrq/ Zh/ fdq eh h{suhvvhg
yhu| jhqhudoo| e| Zd @ Ed dqg Zh @ D. Eh/ zkhuh
wkh Hlqvwhlq frhflhqwv vwdqg iru vsrqwdqhrxv hplvvlrq
+D,/ vwlpxodwhg hplvvlrq +Eh, dqg devruswlrq +Ed,/ dqg
 lv wkh hqhuj| ghqvlw| +;,1 Iurp wkh Hlqvwhlq uhodwlrqv/
Ed @ Eh @ Dkql@ +;,/ zh rewdlq=
l+% ? 3, @Zd+%, @ kqlD+%, +4,
l+% A 3, @Zh+%, @ +kql. 4,D+%,
Wr whvw zkhwkhu wkh lqhodvwlf fxuuhqw iroorzv hplvvlrq
dqg devruswlrq vwdwlvwlfv/ zh fdofxodwh wkh ixoo fxuuhqw
vshfwuxp iurp Htv1 41 Iluvw/ zh rewdlq wkh vsrqwd0
qhrxv hplvvlrq udwh iurp D+%, @ Llqho+% A 3/ W @ 56
pN,2h= Wkh wudfh dw 56 pN lv hhfwlyho| dw }hur whp0
shudwxuh iru %  5 hY vlqfh wkhq kql  41 Wkh hplv0
vlrq fxuuhqw dw kljkhu whpshudwxuhv iroorzv iurp Llqho+%
A 3/ W, @ h+kql . 4,D+%,/ zkhuhdv wkh devruswlrq fxu0
uhqw iroorzv iurp Llqho+% ? 3/ W, @ hkqlD+%,= Wkh
uhfrqvwuxfwhg fxuuhqw vshfwuxp lv vkrzq lq Ilj1 5E1
Wkh fhqwudo sduw ri wkh fxuyhv +m%m ? 43 hY, lv nhsw
eodqn vlqfh Ht1 4 grhv qrw lqfoxgh wkh W 0ghshqghqfh
ri Lho1 Wkh fdofxodwhg fxuuhqw uhsurgxfhv wkh phdvxuhg
fxuuhqw zhoo xs wr 533 pN1 Hyhq wkh vpdoo vwhs0olnh ihd0
wxuh vhhq dw %  63 hY lv uhhfwhg e| d vkrxoghu0olnh
ihdwxuh dw %  063 hY lq wkh phdvxuhg dqg lq wkh fdo0
fxodwhg devruswlrq vshfwud +lqglfdwhg e| duurzv,1 Iru
W A 533 pN wkh phdvxuhg fxuuhqw vljqlfdqwo| h{fhhgv
wkh fdofxodwhg fxuuhqw/ zklfk lv suredeo| gxh wr wkhu0
pdoo| h{flwhg hohfwurqv +Ht1 4 rqo| ghvfulehv wkh W 0
ghshqghqfh ri wkh hqylurqphqw1 Wkh wkhupdo h{flwd0
wlrqv lq wkh hohfwurq ohdgv duh qrw lqfoxghg1, Ixuwkhu
frqupdwlrq ri wkh dssolfdelolw| ri wkh Hlqvwhlq uhodwlrqv
wr rxu txdqwxp grw v|vwhp iroorzv iurp wkh suhglfwlrq=
^Llqho+% A 3, Llqho+% ? 3,`@hD+m%m, @ ^Zh Zd`@D @ 4/
zklfk lv ydolg lqghshqghqw ri whpshudwxuh1 Ilj1 5F
vkrzv d sorw ri wkh qrupdol}hg udwhv/ Zd@D dqg Zh@D/
yhuvxv nW@m%m iru ydulrxv % dqg W xs wr 533 pN1 Wkh phd0
vxuhg gdwd forvho| iroorz wkh suhglfwlrq ^Zh Zh`@D @
4> wkdw lv/ wkh qrupdol}hg udwhv/ Zd@D dqg Zh@D/ glhu
e| rqh ryhu wkh whpshudwxuh udqjh W ? 533 pN zlwkrxw
wwlqj dq| sdudphwhu1
Wkh lqhodvwlf udwh iru d wzr0ohyho v|vwhp frxsohg wr
d ervrqlf hqylurqphqw dw W @ 3 lv h{shfwhg wr kdyh d
Wf
5 ghshqghqfh +47/ 48,1 Vwloo zlwkrxw lghqwli|lqj wkh
ervrqlf hqylurqphqw/ zh fdq whvw wklv ghshqghqfh rq wkh
hodvwlf wxqqho frxsolqj Wf ehwzhhq wkh wzr grwv1 Iljxuh
6D vkrzv wkdw wkh lqhodvwlf fxuuhqw fohduo| lqfuhdvhv zlwk
Wf1 Iru wkh odujhvw frxsolqj zh rewdlq d vdwxudwlrq zkhuh
wkh hodvwlf fxuuhqw shdn fdq qr orqjhu eh glvwlqjxlvkhg1
E| wwlqj wkh hodvwlf fxuuhqw sduw wr d Oruhqw}ldq olqh0
vkdsh +44, zh fdq rewdlq urxjk hvwlpdwhv iru Wf dv orqj
dv wkh fxuuhqw lv ohvv wkdq wkh vdwxudwlrq ydoxh1 Zh qg
wkdw zlwk wkhvh wwhg ydoxhv/ wkh lqhodvwlf fxuuhqw vfdohv
dv Wf zlwk dq h{srqhqw  @ 518  6/ pd|eh vrphzkdw
odujhu wkdq h{shfwhg1 Iljxuh 6E vkrzv wkh hhfw ri wkh
lqfuhdvhg frxsolqj rq wkh v|pphwulf sduw ri wkh fxuuhqw
dw orz whpshudwxuh1 Iru vpdoo wxqqho frxsolqj/ zh dozd|v
rewdlq Oruhqw}ldq olqhvkdshv1 Iru lqfuhdvlqj frxsolqjv/
wkh gdwd vwloo wv wr d Oruhqw}ldq wdlo rq wkh devruswlrq
vlgh1 Krzhyhu/ zh jhqhudoo| qg vljqlfdqw ghyldwlrqv
iru vpdoo %/ lpso|lqj wkdw iru odujh frxsolqj wkh hodvwlf
dqg lqhodvwlf udwhv fdq ehfrph ri wkh vdph rughu1 Wklv
pd| irup d vljqlfdqw olplwdwlrq iru wkh frkhuhqfh wlph
lq frxsohg txdqwxp ghylfhv +49,1
Wkh lpsruwdqfh ri xfwxdwlrqv lq wkh hqylurqphqw rq
hohfwurq wxqqholqj wkurxjk txdqwxp ghylfhv kdv ehhq
uhfrjql}hg iru d orqj wlph1 Hqylurqphqwdo vwxglhv rq
Frxorpe eorfndgh ghylfhv kdyh rqo| glvfxvvhg hhfwv gxh
wr devruswlrq +6,1 Iru hplvvlrq lw lv uhtxluhg wkdw hohf0
wurqv duh uvw sxpshg wr d kljkhu hqhuj| vwdwh1 Wklv
kdv uhfhqwo| ehhq grqh lq d vxshufrqgxfwlqj Frrshu sdlu
wudqvlvwru xqghu plfurzdyh luudgldwlrq +4:,1 Lq wkh fdvh
ri d grxeoh grw/ sxpslqj rffxuv zkhq HO A HU dqg dq
hohfwurq wxqqhov lq iurp wkh ohiw uhvhuyrlu wrHO1 D grxeoh
grw wkxv rhuv d xqltxh wzr0ohyho v|vwhp wkdw lv sxpshg
e| d gf yrowdjh zlwkrxw lqgxflqj khdwlqj fxuuhqwv1 Lw lv
W1 Ixmlvdzd hw do1 6
wkhuhiruh srvvleoh wr uhdfk dq rxw0ri0htxloleulxp vlwxd0
wlrq vr forvh wr W @ 3 wkdw ydfxxp xfwxdwlrqv ehfrph
wkh pdlq vrxufh iru jhqhudwlqj hohfwurq wudqvsruw1
Wr lghqwli| zkhwkhu skrwrqv/ sodvprqv/ ru skrqrqv
irup wkh ervrqlf hqylurqphqw/ zh phdvxuhg vsrqwdqhrxv
hplvvlrq vshfwud zkloh sodflqj wkh grxeoh grw lq glhuhqw
hohfwurpdjqhwlf hqylurqphqwv1 Lq wkh uhjlph 430433 hY/
wkh w|slfdo zdyhohqjwkv duh 4043 fp iru skrwrqv dqg 316
wr 63 fp iru 5GHJ sodvprqv1 Zh kdyh whvwhg wkh frx0
solqj wr wkh skrwrqlf hqylurqphqw e| sodflqj wkh vdpsoh
lq plfurzdyh fdylwlhv ri glhuhqw vl}h +4;,1 Wr fkhfn wkh
frxsolqj wr sodvprqv/ zh kdyh phdvxuhg glhuhqw w|shv
ri ghylfhv zlwk odujho| glhuhqw glphqvlrqv ri wkh 5GHJ
ohdgv/ jdwh sdgv/ dqg erqglqj zluhv1 Erwk w|shv ri ydul0
dwlrq kdg qr hhfw dw doo rq wkh hplvvlrq vshfwud> hyhq
wkh qhvwuxfwxuh zdv uhsurgxfhg1
Wkh wklug rswlrq ri dfrxvwlf skrqrqv lv wkh prvw olnho|
srvvlelolw| +4<,1 Skrqrq hplvvlrq udwhv kdyh ehhq fdofx0
odwhg iru vlqjoh grwv +53,1 Iru d grxeoh grw v|vwhp/ zh
fdq rewdlq wkh jhqhudo hqhuj| ghshqghqfh +48,1 Iru d gh0
irupdwlrq srwhqwldo zh h{shfw d udwh ghshqghqfh ri %G5
+% iru 6G skrqrqv dqg frqvwdqw iru 5G skrqrqv, dqg iru
slh}r0hohfwulf lqwhudfwlrq ri %G7 +4@% iru 6G skrqrqv
dqg 4@%5 iru 5G vxuidfh dfrxvwlf zdyhv, +54,1 Lq Ilj1
6F zh frpsduh wudfhv phdvxuhg rq wzr glhuhqw w|shv ri
ghylfhv1 Khuh/ wkh hplvvlrq fxuuhqw lv sorwwhg yhuvxv % rq
d orj0orj vfdoh1 Ljqrulqj wkh expsv/ zh qg dq hqhuj|
ghshqghqfh ehwzhhq 4@% dqg 4@%51 Wklv lpsolhv wkdw wkh
grplqdqw hplvvlrq phfkdqlvp lv wkh slh}r0hohfwulf lqwhu0
dfwlrq zlwk 5G ru 6G dfrxvwlf skrqrqv1 Qrwh wkdw d
4@% ru 4@%5 ghshqghqfh vkrxog eh dyrlghg lq frkhuhqw
ghylfhv/ vlqfh wkh lqhodvwlf udwh ehfrphv odujh qhdu uhvr0
qdqfh +%  3, +49,1
Wkh expsv revhuyhg lq erwk w|sh ri ghylfhv vxjjhvw
wkh h{lvwhqfh ri uhvrqdqfhv/ iru lqvwdqfh/ gxh wr d 0
qlwh vl}h lq wkh skrqrq hqylurqphqw1 Wkh expsv duh
sduwlfxoduo| fohdu lq wkh ghulydwlyh ri wkh fxuuhqw wr hq0
huj| +grwwhg fxuyhv lq Ilj1 6D,1 Wkh odujh exps lq
Ilj1 6D dw % @ 63 hY fruuhvsrqgv wr d iuhtxhqf| ri
i @ %@k @ :16 JK}1 Iru 6G skrqrqv wklv |lhogv d zdyh0
ohqjwk 6G @ v6G@i @ 973 qp +v6G @ 7;33 p2v lv wkh 6G
vrxqg yhorflw|,/ zkhuhdv iru 5G vxuidfh dfrxvwlf zdyhv
5G @ v5G@i @ 6;3 qp +v5G @ 5;33 p2v,1 Wkhvh zdyh0
ohqjwkv erwk/ pruh ru ohvv/ w zlwk wkh glphqvlrqv ri wkh
wzr txdqwxp grw ghylfhv1 Zh kdyh qrw |hw ehhq deoh wr
frqwuro wkhvh uhvrqdqfh e| vwxg|lqj ghylfhv zlwk d yd0
ulhw| ri jdwh glphqvlrqv1 Krzhyhu/ zh eholhyh wkdw lw lv
srvvleoh wr jdlq frqwuro ryhu wkh skrqrq hqylurqphqw e|
pdnlqj 6G skrqrq fdylwlhv lq kdqjlqj eulgjhv +55, ru
e| fuhdwlqj d 5G skrqrq edqgjds xvlqj d shulrglf jdwh
jhrphwu| +56,1
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